Next to cellulose, hemicellulose is the most prominent structural polysaccharide fraction of all higher plants. The common structural polymer found in hemicelluloses is ␤-1,4-xylan. Variations in the structure of the xylan occur in the extent of substitution by other carbohydrate residues, e.g., 4-O-methyl-D-glucuronopyranosyl and L-arabinofuranosyl residues (31) , as well as in the extent of esterification by O-acetyl, p-coumaroyl, and feruloyl groups (25) . The predominant structural polymer of the hemicellulose fraction of hardwoods has been well characterized and consists of a linear ␤-1,4-xylan that is somewhat regularly substituted with 4-O-methyl-glucuronopyranosyl (MeGA) residues linked ␣-1,2 to internal xylose (Xyl) residues. The ratio of Xyl to MeGA may vary from 5 to more than 20, depending on the source. Due to the prevalence of the MeGA substitutions, this polymer is generally referred to as glucuronoxylan. The glucuronoxylan from monocots (grasses and cereals) differs from that from hardwoods primarily in the higher degrees of substitution of L-arabinose, p-coumaroyl, and feruloyl groups.
As a significant and underutilized resource, the hemicellulose fraction of plant biomass has recently received attention as a carbohydrate substrate for fermentation to alternative fuels and other biobased products (27) . The application of acid hydrolysis for the release of fermentable xylose has resulted in limited yields as well as the production of inhibitors of fermentation (36, 37, 38) , and several groups are looking at enzymatic means for depolymerizing xylan. A number of endoxylanases have been purified from xylanolytic microorganisms (21) . Based upon the primary sequence classification scheme of Henrissat and Bairoch (14) , these have been assigned to families 10 and 11 of the glycosyl hydrolases. The two families differ significantly in molecular mass, isoelectric points, substrate preferences, and the oligoxylosides generated as products (2) . For the enzymes of each family for which the tertiary structures have been solved, significant differences in structure between the two families have been observed. Members of family 10 have molecular masses of approximately 48 kDa and fold into an ␣/␤ barrel, with approximately 40% of the secondary structure of the enzyme being ␣-helices (9) . Members of family 11 are generally much smaller, with molecular masses ranging from 19 to 31 kDa, and fold into structures composed primarily of ␤-strands (32) . The evolution of these two families with their different structural domains implies significant functional differences that have yet to be fully defined. These differences may be due to the abundance and heterogeneity of hemicellulose, which has facilitated the evolution of many different enzymes by xylanolytic microorganisms in order to maximize the utilization of the polymer. One such organism is the phytopathogen Erwinia chrysanthemi.
E. chrysanthemi is a well-characterized phytopathogen which secretes a diverse array of enzymes to aid in infection and maceration of plant tissue, including pectate and pectin lyases, pectinesterase, exo-polygalacturonase, cellulases, proteases, and, in the case of strains isolated from monocots, an endoxylanase (6) . The mature endoxylanase (XynA) was purified from cultures of E. chrysanthemi SR120A, isolated from corn (4). The active enzyme was found to have a molecular mass of 42 kDa and an isoelectric point of 8.8. The xynA gene was isolated from a cosmid library of another strain of E. chrysanthemi isolated from corn, strain D1 (20) . The recombinant protein thus produced was identical to that obtained from E. chrysanthemi SR120A culture supernatants, as determined by N-terminal sequencing. Sequence analysis of XynA revealed that the enzyme does not have significant homology with xylanases from either family 10 or 11 of the glycosyl hydrolases, but rather is homologous to the endoglucanases (family 5) and human cerebrosidases (family 30). Previous work (20) on xylanase A has shown that removal of the xynA structural gene does not significantly alter the virulence of E. chrysanthemi D1, despite its production only in Erwinia strains infecting host plants with high xylan content. This observation leads to interesting questions regarding the role of XynA in pathogenesis and, in light of the novel structure of the enzyme predicted by its amino acid sequence, the process catalyzed by the enzyme during depolymerization of lignocellulosic substrates. In the current study, we have attempted to answer some of these questions by studying the structural and enzymatic properties of E. chrysanthemi xylanase A.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Escherichia coli BL21(DE3) (lab collection) was transformed with pNTK136, containing the structural gene (xynA) for the 42-kDa xylanase isolated from E. chrysanthemi D1 (20) , according to standard procedures (28) . Plasmid pNTK136 was generously provided by Noel Keen, Department of Plant Pathology, University of California, Riverside. E. coli BL21(DE3) cultures harboring the pNTK136 plasmid were grown aerobically in Luria-Bertani broth supplemented with 50 mg ampicillin per liter at 30°C with shaking (110 rpm). To induce xynA transcription, isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM when previously inoculated cultures had reached an optical density at 600 nm of 0.5. The cultures were grown for 18 h after IPTG addition and harvested by centrifugation (1,000 ϫ g for 20 min at 4°C).
Purification of XynA. Spheroplasts of E. coli BL21(DE3)(pNTK136) cells harvested as previously described were prepared by the method of Witholt et al. (33) . The final supernatants obtained were dialyzed against 5 mM Tris-HCl(pH 6.5) using a 7-kDa cutoff dialysis membrane (Pierce Inc.). The retained dialysate was loaded onto a carboxymethyl cellulose (CM)-Sephadex column (Sigma, Inc.), washed with 5 mM Tris-HCl (pH 6.5), and eluted with a gradient of 0 to 0.5 M NaCl in the same buffer. Peak fractions were identified by measuring the absorbance of the gradient eluate at 280 nm and screened for xylanase activity by determining the change in reducing sugar concentration (23) over time in a 0.1% (wt/vol) solution of beechwood xylan (Sigma, Inc.) in 50 mM sodium acetate (pH 5.5). Fractions containing xylanase activity were pooled and concentrated into 5 mM Tris-HCl (pH 6.5) by filtration using a 10-kDa cutoff membrane filter (PM10; Amicon, Inc.), and the protein concentration of the resulting concentrate was determined using bicinchoninic acid (29) , with bovine serum albumin as a standard. The purity of the concentrate was verified by denaturing sodiumdodecyl sulfate-polyacrylamide gel electrophoresis (22) , with a single prominent band of 40 kDa detected with Coomassie R250 following electrophoresis of 5.4 g of protein. While a very faint band was detected with a mobility corresponding to a mass of less than 29 kDa, based upon the intensity of the 40-kDa component, the XynA was judged to be greater than 95% pure.
CD measurements of XynA. For measurement of the circular dichroism (CD) spectra of XynA in response to different pHs and temperatures, 5.0 M solutions of purified enzyme in 10 mM sodium phosphate buffer (pH 6.0) were used. For measurements at different pHs, aliquots (1 ml) of 5 M XynA solutions were each dialyzed against 1 liter of 10 mM sodium phosphate buffer at pH 4.7, 5.2, 6.2, 7.0, 8.0, and 8.7 overnight at 4°C using 1,000-kDa cutoff Slidealyzer cassette units (Pierce, Inc.). Temperature was controlled using a circulating water bath (Neslab RTE-9). Sample measurement was performed in a 10-mm pathlength, water-jacketed quartz cell (170-l volume). The instrument was calibrated with (ϩ)-10-camphorsulfonic acid (12) prior to obtaining spectra. Baseline correction for each spectrum prior to accumulation averaging was made using the spectrum of 10 mM sodium phosphate buffer at a pH matching that of the sample. The CD spectra of each solution were measured and analyzed as previously described (16) . Noise reduction of the averaged spectra was performed using the Jasco J-700 for Windows standard analysis software (version 1.50.01; Jasco, Inc.). Data were analyzed using a mean residue molarity of 0.0019 mol/liter, and deconvolutions of the CD spectra obtained were made using Dicropro version 2.5 (Gilbert Deleage, Institut de Biologie et Chimie des Proteines, CNRS-UPR412, 7, Passage du Vercors, 69 367 Lyon Cedex 07, France).
Substrates used. Beechwood, birchwood, and a 4-O-methyl-D-glucurono-Dxylan (source unknown) were obtained from Sigma Chemical Co, St. Louis, Mo. Glucuronoxylan was prepared from 10-foot-tall sweetgum tree (Liquidamber styraciflua) stems (43 to 45 mm thick) by the method of Jones et al. (18) . 4-Deoxy-hexenuronic acid-substituted xylan was prepared from the commercially prepared beechwood xylan following the method of Telemann et al. (30) . 4-OMethyl-glucoxylan was produced from sweetgum sawdust by methods modified from those of Anderson and Stone (1). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; Sigma Chemical Co.) was coupled to the 4-O-methyl-glucuronic acid substituents of the xylan chain in 10 mM sodium phosphate buffer (pH 4.7) for 12 h, followed by reduction for 2 h at room temperature in 200 mM sodium phosphate buffer (pH 8.0) with NaBH 4 . Both the EDC and the NaBH 4 were added to 10-fold excess relative to the empirically determined amounts of glucuronic acid present in the polymer. Confirmation of glucuronic acid reduction was determined following complete acid hydrolysis by high-pressure liquid chromatography (HPLC) analysis (17) . Percentages of xylose and glucuronic acid in all xylans used were determined by 13 C nuclear magnetic resonance (NMR). Average degrees of polymerization of each xylan were calculated from the ratio of total carbohydrate present, as determined by the method of Dubois et al. (10) , to the amount of total reducing sugars, determined by the method of Nelson (23) . All samples were run in triplicate with glucose, xylose, and glucuronic acid standards used as controls.
Enzymatic activity as a function of pH and temperature. Enzyme assays were performed in 0.6-ml volumes containing 2.7 g of purified XynA. Reactions were started by the addition of enzyme, with the amounts of reducing sugars present determined every 20 min by the method of Nelson (23) and all analyses made in triplicate. One unit of enzyme is that which generates 1 mol equivalent of reducing sugar in 1 h.
For the comparison of different substrates, solutions containing 1.0% (wt/vol) of the commercially prepared xylans and the sweetgum xylan extract in 50 mM sodium acetate were prepared at pH 5.0, 6.0, 7.0, and 8.0. Some samples were heated (50°C) for 15 min to facilitate solubilization of the polymers. Aliquots (500 l) of each solution were dispensed into borosilicate tubes, and 100 l of a 27-g/ml solution of purified XynA in deionized H 2 O was added to each tube.
For determination of the effects of temperature, reactions containing XynA in 50 mM sodium acetate (pH 6.0) and 1.0% (wt/vol) 4-O-methyl-glucuronoxylan (Sigma Chemical Co.) in 50 mM sodium acetate (pH 6.0) were prepared. Substrate solutions and necessary volumes of enzyme were incubated for 5 min in a waterbath (Precision, Inc.) at each of the temperatures employed (25 to 60°C) prior to initiation of the reactions by the addition of enzyme.
Analysis of xylosaccharides generated by XynA digestion of sweetgum xylan. A 50-ml solution of 10% (wt/vol) sweetgum xylan in 50 mM sodium acetate (pH 6.0) was incubated with 138 g of XynA at 35°C for 24 h with constant shaking (150 rpm). Sweetgum xylan was chosen as the substrate because of both its abundance and the small size of the putative products generated by enzymatic hydrolysis, as predicted by the low ratio of xylose to MeGA calculated for the polymer. The solution was then concentrated by filtration (Amicon PM10 membrane; Millipore, Inc.) to 15 ml. The filtrate (filtrate 1, ca. 35 ml) was concentrated to 1 ml by flash evaporation at 45°C. The retained solution was taken back to 50 ml with the addition of 50 mM sodium acetate (pH 6.0) and had a 1.0-ml sample removed (retentate 1) after mixing thoroughly to disrupt the gel, followed by the addition of another 138 g of XynA. The solution was incubated under the initial conditions for another 24 h, whereupon the concentration procedure was performed again, resulting in another set of filtrate (filtrate 2) and retentate (retentate 2) fractions. All four fractions were lyophilized and subjected to matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrographic analysis (26) and 13 C-NMR analysis as previously described (19) . To determine the position of the 4-O-methyl-glucuronic acid-substituted xylose residue in the xylosaccharide products, filtrates 1 and 2 were incubated in the presence of ␤-xylosidase isolated from Aspergillus niger (Sigma Chemical). ␤-Xylosidase (1 U) was added to solutions (1%, wt/vol) of both filtrate samples in 50 mM sodium acetate (pH 5.0), followed by incubation at 40°C for 24 h. Xylose released from the nonreducing termini of the xylosaccharide substrate molecules was quantified by HPLC (17) .
RESULTS
Structural properties of XynA. As shown in Fig. 1 and 2 , E. chrysanthemi D1 XynA displays local maxima ellipticity values at 196 nm (positive ellipticity) and at 209 and 221 nm (negative ellipticities), indicative of the presence of ␣-helical secondarystructural elements. The intensity of the ellipticity bands at these wavelengths increases with pH ( Fig. 1) , reaching a maximum in samples incubated and measured at pH 7.0 and 8.0, then decreasing in intensity as the pH is raised to 8.9. In the positive-ellipticity band observed at 196 nm, a total change of ϩ1,340 deg ⅐ cm 2 ⅐ dmol Ϫ1 is observed, and ellipticity changes of Ϫ2,257 and Ϫ2,552 deg ⅐ cm 2 ⅐ dmol Ϫ1 are observed at 209 and 221 nm, respectively, as the pH is decreased to 8.0 from 4.7. Estimation of the ␣-helical content of the proteins based upon the spectra found in Fig. 1 using the formula of Chen et al. (5) results in a range of values from 10.98% at pH 4.7 to 14.85% at pH 8.9, with a maximum of 17.66% estimated at pH 7.0.
Xylanase A maintains its secondary structure through the initial 20°C temperature range studied (25 to 40°C), as shown in Fig. 2 . Only slight changes in the ellipticity values at 196, 209, and 221 nm are seen in this range, with changes of Ϫ282, ϩ289, and ϩ421 deg ⅐ cm 2 ⅐ dmol Ϫ1 observed, respectively. As the temperature is increased from 45 to 60°C, the secondary structure of the enzyme is significantly disrupted, with total molecular ellipticity changes of Ϫ8,458, ϩ3,118, and ϩ5,032 deg ⅐ cm 2 ⅐ dmol Ϫ1 observed at 196, 209, and 221 nm, respectively. Corresponding to the similarities observed in the molecular ellipticities observed in the samples from 25 to 40°C, the ␣-helical content of the enzyme in this temperature range is also constant at 10.9%, but then drops as the temperature is increased further, with no ␣-helical content estimated in the enzyme at temperatures above 50°C.
Enzymatic activity as a function of xylan substrate and pH.
The pH optimum of XynA was found to be 6.0, as noted in Table 1 . Maximal xylanase activity is observed towards all four natural xylan substrates at pH 6.0, with the highest activities throughout the pH range tested observed in reactions containing the xylans with the highest degrees of 4-O-methyl-glucuronic acid substitution on the xylan backbone, i.e., sweetgum xylan and 4-O-methyl-D-glucuronoxylan. The degree of polymerization does not significantly influence the observed activity of the enzyme, as 4-O-methyl-glucuronoxylan was the shortest of the polymers examined and yet, due to the low ratio of xylose to 4-O-methyl-glucuronic acid, was the best substrate for XynA. Assuming an acid-catalyzed reaction mechanism for enzyme-catalyzed glycosyl bond hydrolysis, it is interesting that the enzyme is still active at pH 8.0 for all substrate types examined.
The activity of XynA towards the chemically modified substrates at the empirically determined optimum pH is also shown in Table 1 . Xylanase A displayed nearly equivalent activity towards 4-deoxy-hexenuronosyl beechwood xylan, a substrate in which the methyl esters on the glucuronic acid substituents have been removed, as was seen in reactions containing unmodified beechwood xylan. This behavior was not seen in reactions with 4-O-methyl-D-glucoxylan, a substrate in which the uronic acid has been reduced to glucose. Xylanase A displayed 81% lower activity towards this modified substrate relative to the activity observed using unmodified sweetgum glucuronoxylan as the substrate.
Enzymatic activity measurements as a function of temperature. Xylanase A activity was determined at different temper- Xylanase A is thus relatively thermotolerant, maintaining over 50% of its activity at 60°C relative to the activity observed at 25°C. As the temperature increased from 25 to 40°C, a steady increase (up to 35%) in xylanase activity was observed. This level of xylanase activity was retained in samples up to 50°C, when the observed activity was 1.5-fold the activity observed in samples incubated at 25°C.
Analysis of xylosaccharides generated by XynA digestion of sweetgum xylan. The sweetgum xylan extract was hydrolyzed by XynA to a range of products detectable by MALDI-TOF mass spectrometry, all of which contained two glucuronic acid substitutions (Fig. 3) . Based upon signal intensity, the most prevalent products formed were either 9 or 11 xylose residues in length. The glucuronic acid substitution ratios obtained by the mass spectrograms of the filtrate samples deviated slightly from those calculated by spectrophotometric techniques but were in good agreement with those obtained from total hydrolysis of the sweetgum glucoxylan ( Table 1 ). The presence of two glucuronic acid residues in each reaction product and the a Est DP, estimated degree of polymerization, as determined by the ratio of total anhydrous carbohydrate monomer to total reducing sugars; Xyl:GlcUA, ratio of xylose to glucuronic acid, as determined by commercial sources and verified by 13 C-NMR as described in Materials and Methods. -, not determined. b Xylanase activity as reported here is taken from triplicate reactions sampled at multiple times to ensure a linear reaction rate. Activity observed is reported in units, where 1 U of xylanase activity is defined as the amount of enzyme necessary to produce 1 umol of xylose equivalent in 1 h at room temperature. ND, not determined.
wide range of xylose-to-MeGA ratios observed suggest that the positioning of the substitutions is varied. These observations also suggest that a critical distance between substitution points on the xylan backbone exists, and at distances smaller than this threshold, XynA cannot hydrolyze the xylan within that particular region of the polymer. This is supported by the lack of any activity by XynA in 1% (wt/vol) solutions of each of the filtrate samples (data not shown). Preliminary analyses indicate   FIG. 3 . MALDI-TOF mass spectrum of the products generated by xylanase A cleavage of sweetgum xylan. Putative oligoxylosides and their calculated masses are given above each detected mass signal. Spectrum was obtained on a Voyager Benchtop MALDI-TOF mass spectrometer (PE Biosystems) externally calibrated with low-molecular-weight standard peptides according to the manufacturer's protocols.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ that both filtrate samples serve as substrates for a family 11 xylanase isolated from Trichoderma viride (Sigma Chemical Co.) (data not shown). This observation confirms the mass spectral data, as the oligoxylosides generated by XynA should serve as substrates for the T. viride enzyme, with a xylosidic ␤-1,4 bond between the glucuronic acid substitution points on the oligoxyloside products hydrolyzed by the fungal enzyme. Based upon 13 C-NMR, the products generated by XynAmediated hydrolysis of sweetgum xylan were not significantly different from those generated by a xylanase from family 11 (2) with respect to the lack of MeGA substitution on the nonreducing terminal xylose residues (Fig. 4) . The resonance at approximately 102.7 ppm is attributed to carbon 1 of a glucuronic acid-substituted xylose residue not on the nonreducing terminus of the oligoxylosidic products. This resonance is clearly differentiable from the carbon 1 resonances of internal xylose residues (103 ppm) and at the nonreducing termini of the oligoxylosides (103.3 ppm). The internal position of the glucuronic acid-substituted xylose residue was confirmed by incubation of 1.0% (wt/vol) solutions of either filtrate with ␤-xylosidase, which resulted in stoichiometric release of xylose, as determined by HPLC (data not shown). In 1-ml reaction solutions containing 10 mg of filtrate 1, 0.9 mg of xylose was detected in solution, and in reactions with equivalent amounts of filtrate 2, 0.82 mg of xylose was detected. This result indicates that a single xylose residue lies on the nonreducing terminal side of the 4-O-methyl-D-glucuronic acid-substituted xylose in the oligoxyloside products generated by XynA-catalyzed hydrolysis of sweetgum xylan. The combined data from the product characterization experiments lead to the proposed mode of action of XynA on xylan substrates shown in Fig. 5 .
DISCUSSION
At its optimum pH and temperature (pH 6.0 and 40°C, respectively), E. chrysanthemi D1 XynA appears to fold into a conformation that is approximately 10 to 15% ␣-helices. Deconvolution of the CD spectra of XynA under these conditions by least-squares fitting using several reference sets, including model polypeptides (11) and protein sets (3, 5, 34) , yields similar mean percentages of ␣-helical content. It is interesting that despite significant secondary-structure changes at temperatures higher than 40°C and pHs higher than 6.2, the enzyme is still active. This suggests that the chemical environment surrounding the active site of the enzyme is not severely perturbed despite the pronounced conformational changes undergone by the enzyme in response to changing solution conditions. The ␣-helical content derived for XynA lies between those found in the two families of glycosyl hydrolases (13, 14) containing other endoxylanases. In comparison, members of glycosyl hydrolase family 10 are approximately 30 to 40% ␣-helical in nature (9) , and those proteins in family 11 are approximately 3 to 5% ␣-helical in nature (33) . The lack of structural identity to either glycosyl hydrolase family 10 or 11 was predicted by amino acid sequence comparison (20) , with the same comparison identifying homology between E. chrysanthemi D1 XynA and members of glycosyl hydrolase families 5 and 30. The three-dimensional structures of proteins in family 5 are 39 to 43% ␣-helical (7, 8, 15) , much higher than the 10 to 15% observed for XynA. This suggests that XynA may not have a significant degree of structural homology with members of glycosyl hydrolase family 5, despite having many amino acids in common with those proteins, and may in fact represent a new class of glycosyl hydrolase.
Given the lack of homology between E. chrysanthemi D1 XynA and other endoxylanases, the novel approach to depolymerization of xylan exhibited by the enzyme is not unexpected. As identified in this work, XynA requires 4-O-methyl-D-glucuronic acid substitutions on the xylan backbone for enzymatic activity. Based upon the 4-deoxy-hexenuronosylxylan activity experiments, the importance of the methyl ester on carbon 4 of the uronate substituent is apparently minimal. The presence of the C-6 carboxylic acid on the sugar substituent is, however, not negotiable. Reduction of this carbon to the corresponding alcohol results in significant reduction in enzymatic activity, as seen in the activity of XynA towards 4-O-methyl-D-glucoxylan. This group may serve to properly align the substrate molecule for hydrolysis of the xylosidic bond between carbon 4 of the substituted xylose residue and carbon 1 of the adjacent xylose in the polymer. The presence of a single xylose on the nonreducing terminal side of the 4-O-methyl-D-glucuronic acid-substituted xylose in the oligoxyloside products places XynA with members of family 11 of the glycosyl hydrolases (2) with respect to function despite the significant differences between the enzymes. However, the oligoxylosides generated by E. chrysanthemi D1 XynA are suitable substrates for a family 11 endoxylanase from T. viride, indicating a unique feature of the Erwinia enzyme, namely, the lack of any cleavage of ␤-1,4-xylosidic bonds between 4-O-methyl-D-glucuronic acid substitution points on the xylan backbone. To date, only one other xylanase with a requirement for glucuronosyl substitutions has been identified (24) . The Bacillus subtilis enzyme demonstrating this requirement for glucuronosyl moieties cleaved the xylosidic bond between the first and second xylose residues on the reducing terminal side of the xylose bearing the glucuronosyl substitution.
The MALDI-TOF mass spectrograms of the reaction products are quite interesting and raise several questions regarding the role of the glucuronic acid substitutions on the xylan backbone. As shown in Fig. 3 , a majority of the products produced by XynA have odd numbers of xylose residues, and the ratio of xylose to glucuronic acid in the detected products ranges from 2 to 7.5. This variability in glucuronosyl substitution, with a propensity for odd-numbered xylose-to-glucuronic acid ratios, has not been documented before and is very intriguing. Due to its mode of action, the Erwinia xylanase may be ideally suited to probe other xylan types to gain a better understanding of the composition and structure of the polymer and the role of MeGA substitutions in the development of higher plants.
The combined structural data regarding XynA and its reaction products obtained in this work serve to illustrate its novelty. Xylanase A has a high molecular mass, like most family 10 endoxylanases, and yet possesses a basic isoelectric point, like members of family 11. The functional form of the enzyme is structurally similar to neither family, and the enzyme is active in a wider pH range than those displayed by members of either family 10 or 11. Xylanase A generates products from xylan that show some similarity with respect to the nonreducing terminal structure of those generated by endoxylanases from family 11, yet those same products serve as substrates for a family 11 endoxylanase. The requirement of XynA for MeGA substitutions on the ␤-1,4-xylan backbone for enzymatic activity narrows the acceptable substrate range of the enzyme to one much smaller than that of either family 10 or 11.
The unique MeGA substitution requirement and mode of action of E. chrysanthemi D1 XynA raise a few very interesting questions regarding the role of the enzyme in the life cycle of the organism. Xylanase A may be one of several enzymes of the E. chrysanthemi D1 xylanolytic system. However, to date, only one other enzyme that would be part of the same system, a ␤-glucosidase/xylosidase (BgxA), has been discovered in this organism (32) . In most xylanolytic enzyme systems, several exogenous enzymes participate in the breakdown of xylans to components suitable for cellular uptake and metabolism (21) , with xylanases from glycosyl hydrolase families 10 and 11 acting to depolymerize xylans to suitable substrates for ␤-xylosidases. Xylanase A only cuts out the glucuronosyl repeating units of xylans, generating oligoxylosides that are not suitable substrates for the known ␤-glucosidase/xylosidase. Barring the discovery of another endoxylanase in E. chrysanthemi D1, this suggests that the role of XynA may be to loosen the cell wall structure of the host, thereby allowing other enzymes secreted by the pathogen to gain better access to the host tissue, rather than to participate in a pathway for the catabolism of the hemicellulose. XynA may also participate directly or indirectly in the formation of elicitor molecules from host tissue. Both possibilities are supported by observations that xylanase A is produced constitutively and acts synergistically with known virulence factors secreted by phytopathogenic Erwinia species, e.g., the pectate lyases (4), and that XynA alone is not absolutely required for pathogenesis in monocots (20) . Future experiments with xylanase A may better identify the role of the enzyme in the infection process, as well as serving as a probe to analyze the differences in glucuronoxylan structure and function.
